ABSTRACT A multilocus method ofestimating mating system parameters in populations is presented that recovers information from, classification over multiple loci that single-locus estimators do not detect. It is shown that the multilocus estimator provides a standard ofreference (null hypothesis) that can be useful in analyzing the effects offactors such as population heterogeneity and postmating zygotic selection on the transmission ofgenetic information at the population level.
In the transmission of genetic information from one generation of a sexually reproducing population to the next generation, a sample ofalleles is passed from parents to progeny and a new set ofgenotypes is formed. The mating system ofthe parental generation determines the pattern in which the gametes unite in pairs to form the new array ofgenotypes in the filial generation. Reliable information concerning the mating system is therefore essential to understanding how genotypic frequency distributions arise and how they are transformed in an evolutionary sense over generations.
Traditional methods ofassessing the mating system have usually been based on observations ofmating pairs, on the behavior ofpollinators, on various features offloral morphology, or on the results of controlled crossing experiments. Such methods do not, however, provide direct measures ofthe success ofmatings in populations, and the information they provide is often inadequate for the analysis ofgenetic transmission at the population level. During the second decade ofthis century plant geneticists began to use marker genes to obtain quantitative estimates of mating system parameters. In 1916 Jones (1) planted equal numbers of homozygous dwarf and homozygous standard tomato plants in alternate rows, harvested seeds from the dwarf(recessive) plants, and counted the number ofstandard plants (crosses) in the progeny of the dwarfs. He noted that crossed plants observed in the progeny of dwarfs do "not represent all crossing which might have taken place. Aside from a slightly greater distance, there was an equal chance for the dwarf plants to be fertilized by pollen from other dwarf plants. This crossing would produce only dwarf plants, and would not show." Thus Jones recognized that it was necessary to compensate for the cryptic outcrosses and multiplied the observed proportion ofoutcrosses by two to obtain an estimate of the outcrossing rate. Jones' intuitive estimator of the outcrossing rate, t, can be shown to be the maximum likelihood estimator, t = h/p, in which h is the frequency ofheterozygotes in the progeny ofrecessives and p is the frequency ofdominant alleles in the population. The usefulness of the approach developed by Jones has subsequently been greatly increased by two developments. The first was the formulation in 1951 by Fyfe and Bailey (2) of statistical methods for estimating t and pjointly from population data, thus extending use of the method from experimental populations to natural or other populations in which allelic frequencies are unknown. The second development involved the applica. tion of electrophoretically detectable genetic variation (allozymes) to the estimation of mating system parameters (3). Allozymes are particularly useful for this purpose because: (i) populations are often polymorphic for many enzyme loci, thus providing the investigator with a large set ofmarkers in virtually any species; and (ii) allozymes are often codominant so that all genotypic classes can be identified directly from their allozyme phenotype without progeny testing. These advantages have led to increasing use ofenzyme loci to obtain quantitative measures ofmating system parameters, and estimates are now available in a number ofspecies (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . A property ofthese studies has been that estimates of t obtained from a single sample have often differed significantly from one marker locus to another, even though the mating system must affect all loci identically.
In this paper we present a "method of moments" estimator that recovers information from multilocus classification that single-locus estimators do not detect. We show that the multilocus estimator provides a standard ofreference (null hypothesis) that can be useful in analyzing the effects ofpopulation heterogeneity, postmating zygotic selection, and other factors on the transmission ofgenetic information at the population level. The expected proportion ofambiguous outcrosses P(A) is obtained from P(A) = P(O)>P(AIO), in which P(O) is the probability that an outcross has occurred and P(AIO), hereafter denoted by a, is the probability of nonidentification of an outcross, given that an outcross has occurred. Assuming that no associations exist between the loci being classified, the multilocus probability of nonidentification (a) mulated as tm = [n + (taN)]/N, in which n is the number of discernible outcrossed progeny in a sample of size N, t = P(O), a = P(AIO), and ta = P(A). Inserting estimates of unknowns and solving for t yields n tm=N(I -a-) [2] Treating a as a constant for a given sample, the variance of ican be obtained from the binomial variance of n, giving Table 4 . The DA4 (OP) population is diallelic for four of these loci (Adh 1, Idh 1, Got 1, and Mdh 2) and triallelic for the other four loci (AcPh 1, Est 1, Est4, and CPx 1). The electrophoretic procedures followed and the formal genetics of the loci assayed have been described (21) . The methods of Clegg et aL (16) were used to infer the genotypes of the adult plants for each locus, and to estimate adult genotypic frequencies, pollen allelic frequencies, and outcrossing rates on a single-locus-basis. Estimates ofadult allelic frequencies, pollen allelic frequencies, and single-locus estimates of outcrossing rates are given in Table. 4. The data show that allelic frequencies often changed strikingly between adult stage and the uniting of gametes-e.g., for locus Mdh 2. These changes could be due to differential pollen production among adults contributing pollen to the pollen pool, or they could be due to differential survival or functioning of genetically different male gametophytes. Regardless of their cause, these changes in allelic frequencies emphasize the importance of estimating t from pollen rather than adult allelic frequencies. ing 54 progeny (14.3%) by selfing vs. outcrossing remained ambiguous. Calculation of the probability of nonidentification by using Eq. 1 gave a = 0.059. The multilocus estimate ofoutcrossing(Eq. 2) is t8 = 0.910with standard errorO.019. This indicates that the mating system of generation 2 of this population features predominant outcrossing but that a substantial amount of self-fertilization also occurs. As a result of this inbreeding the population contains an excess ofhomozygotes over random mating expectations immediately after the mating cycle. DISCUSSION The single-locus estimates ofoutcrossing rates given in Table 4 , in common with estimates that have been made in many species, vary substantially over loci. However, alleles at all loci are transmitted in the same gametes and outcrossing rates must therefore be the same for all loci. The observed variability may reflect the large variances that are common with single-locus estimation. Shaw (22) has investigated the effects of these large variances by generating samples by Monte Carlo methods that obey all of the assumptions of the mixed mating model. Singlelocus estimates of t made from these samples were often highly variable, indicating that random effects may contribute to the heterogeneity commonly observed in experimental studies. Brown and Allard (3) and Brown (23) have discussed statistical efficiency when maternal genotypes are inferred and mating system parameters are estimated from family arrays, with particular attention to allocation of resources within and between arrays.
MULTILOCUS MATING SYSTEM
Another possible explanation for the disparate estimates is the invalidity for some loci of one or more of the assumptions made in formulating the mixed mating model. The multilocus estimation procedure presented in this report involves two steps: 1, detection of outcrosses through direct observation of the phenotypes of progeny that carry nonmaternal alleles; and 2, compensation for outcrosses that are not directly observable. As more loci are examined the probability (1 -a) ofidentifying outcrosses in step 1 increases and the importance of compensation in step 2 decreases. Thus multilocus estimation is statistically more efficient than single-locus estimation because it recovers information about outcrossing contained in multilocus data sets that is not recovered in single-locus estimation. An additional advantage ofmultilocus estimation is that it becomes increasingly insensitive to failures of assumptions that can have large effects on single-locus estimation as more and more outcrosses are detected by direct observation in step 1. Thus, even though some efficiency is lost in reducing the data set to fit the model, this may be more than compensated by gains in robustness that accompany the increased number of loci that can be handled computationally. Comparisons of single-locus estimates of t with less-biased multilocus estimates can thus yield information concerning various phenomena that cause singlelocus estimates to depart from their parametric values.
One of the major assumptions of the mixed mating model is that allelic frequencies in the pollen pool are uniform over the area sampled. One possible basis for failure of this assumption is microhabitat selection causing similar genotypes to be clustered within populations. If an investigator were aware of the heterogeneity, and sampled only within homogeneous areas, the proportion of homozygotes would be estimated correctly and the single-locus mating system estimator would yield unbiased estimates of t. If, however, the investigator were unaware of heterogeneity, and sampled as if the distribution were homogeneous, the proportion of homozygotes would be overestimated (24) and the single-locus estimate would be biased downward (18) . Another possible cause ofheterogeneous distributions is the tendency of seeds to fall and grow near their maternal parent, causing relatives to be clustered. This type of nonrandom distribution ofgenotypes can lead to heterogeneity of the pollen pool. It can also lead to inbreeding because neighbors are more likely to be relatives than random members ofthe population and, due to proximity, they are also more likely to mate. Clustering in family groups thus can cause single-locus estimates oft to be further biased downward.
In maize population DA4 (OP) the seeds of each generation were harvested in mass and thoroughly mixed during harvesting and cleaning, and a random sample of seeds from the harvest was planted in a different experimental plot each year. The distribution of different genotypes in the population and also the distribution of allelic frequencies in the pollen pool are consequently expected to be uniform over the experimental area. It therefore seems unlikely that the variability of the single-locus estimates in the sample drawn from this population had its basis in heterogeneity ofallelic frequencies in the pollen pool caused by either of the above-mentioned factors. This notion is supported by the similar values ofthe arithmetic mean ofthe singlelocus estimates of t (0.880) and the multilocus estimate (0.910). However, in a study of mating system parameters in natural populations of the Douglas-fir (Pseudotsuga menziesii), Shaw and Allard (18) reported that single-locus estimates oft were significantly heterogeneous (t = 0.66 to 0.97) over loci. Comparisons ofsingle-locus with multilocus estimates oft indicated that geographical differentiation, family structure, or both contributed significantly to the biased estimates oft obtained from the single-locus estimation procedure.
Two additional assumptions made in formulating the mixed Population Biology: Shaw et aL mating model are that the probability of an outcross is independent of the maternal genotype and that selection does not intervene between mating and the time of determination of progeny genotypes. Failure of either of these assumptions will affect genotypic frequencies in the progeny arrays and hence influence single-locus estimates; failure will also affect multilocus estimates of t but to a much lesser extent. Thus, if a marker locus, or loci linked to it, cause maternal effects (e.g., partial self-incompatibility) that favor fertilization by alien pollen, single-locus estimates of t based on that marker locus will be biased upwards. Conversely, if a marked segment causes maternal effects that cause alien pollen to be at a disadvantage, single-locus estimates of t will be biased downwards. Parallel biases, upwards or downwards, will result from postfertilization selection in favor of or against chromosome segments marked by an alien allele. The effects of these two phenomena on genotypic frequencies within progeny arrays will be confounded and cannot in general be disentangled from population data; measurement of their individual effects and interactions requires experiments designed to isolate appropriate degrees of freedom. Table 4 shows that estimates of t for generation 2 of maize population DA4 (OP) are conspicuously higher than the multilocus estimate for Adh 1, Idh 1, and Got 1 and conspicuously lower for Est 1, Est 4, and CPx 1. It cannot be determined from the present data set whether the departures observed are due to selective or nonselective mechanisms.
